We present a wide-field optical imaging search for electromagnetic counterparts to the likely neutron star -black hole (NS-BH) merger GW190814/S190814bv. This compact binary merger was detected through gravitational waves by the LIGO/Virgo interferometers, with masses suggestive of a NS-BH merger. We imaged the LIGO/Virgo localization region using the MegaCam instrument on the Canada-France-Hawaii Telescope. We describe our hybrid observing strategy of both tiling and galaxytargeted observations, as well as our image differencing and transient detection pipeline. Our observing campaign produced some of the deepest multi-band images of the region between 1.7 and 8.7 days post-merger, reaching a 5σ depth of g > 22.8 (AB mag) at 1.7 days and i > 23.0 and i > 23.9 at 3.7 and 8.7 days, respectively. These observations cover a mean total integrated probability of 68.8% of the localization region. We find no compelling candidate transient counterparts to this merger in our images, which suggests that either the lighter object was tidally disrupted inside of the BH's innermost stable circular orbit, the transient lies outside of the observed sky footprint, or the lighter object is a low-mass BH. We use 5σ source detection upper limits from our images in the NS-BH interpretation of this merger to constrain the mass of the kilonova ejecta to be M ej 0.015M for a 'blue' (κ = 0.5 cm 2 g −1 ) kilonova, and M ej 0.04M for a 'red' (κ = 5 − 10 cm 2 g −1 ) kilonova. Our observations emphasize the key role of large-aperture telescopes and wide-field imagers such as CFHT MegaCam in enabling deep searches for electromagnetic counterparts to gravitational wave events.
INTRODUCTION
On 14 August 2019 at 21:10:39.013 UTC, the Laser Interferometer Gravitational-wave Observatory (LIGO)
Corresponding author: Nicholas Vieira nicholas.vieira@mail.mcgill.ca and Virgo interferometers detected a high-confidence gravitational wave (GW) chirp from a compact object merger event, GW190814/S190814bv (The LIGO Scientific Collaboration and Virgo Collaboration 2019a). Initial low-latency modeling of the gravitational waveform by the LIGO/Virgo Collaboration (LVC) classified this event as a MassGap merger, in which the mass of the lighter object is between 3 and 5 M , with > 99% prob-ability. Less than half a day later, further modeling of the gravitational waveform re-classified this event as a potential merger between a neutron star (NS) and black hole (BH), with > 99% probability and an exceptionally low false-alarm rate (FAR) of approximately 1 in 10 25 years, making GW190814 the first robust detection of a potential NS-BH merger (The LIGO Scientific Collaboration and Virgo Collaboration 2019b). As a 3-detector event, this merger was also exceptionally well-localized, with a 50% localization region of area 4.8 deg 2 and a 90% localization region of area 23.1 deg 2 . The luminosity distance measured from the amplitude of the GWs was d L = 267 ± 52 Mpc. Events classified as NS-BH mergers by LIGO/Virgo are mergers in which the heavier object is > 5M , and the lighter object is < 3M . Since the maximum NS mass is unclear (the most massive NSs currently known are ∼ 2M , Demorest et al. 2010; Cromartie et al. 2019 ) and dependent on the unknown equation of state of dense nuclear matter, whether or not the lighter object in GW190814 was actually a NS or a BH is unclear. Nonetheless, the MassGap/NS-BH classification, low FAR, and excellent localization of GW190814 make it a landmark event.
Follow-up searches for an electromagnetic (EM) counterpart to GW190814 can potentially reveal the nature of the event. The tidal disruption of a NS by a BH prior to a merger can dynamically eject neutron-rich material from the system, if this disruption occurs outside of the innermost stable circular orbit (ISCO) of the BH (Lattimer & Schramm 1974; Bethe & Brown 1998; Rosswog 2005; Shibata & Taniguchi 2008; Metzger et al. 2008; Etienne et al. 2009; Foucart et al. 2014; Kawaguchi et al. 2015 Kawaguchi et al. , 2016 Kyutoku et al. 2015; Kyutoku et al. 2018; Fernández et al. 2019) . Following the merger of the NS and BH, an accretion disk is formed around a remnant BH and a tidal tail of both bound and unbound ejecta develops (Fernández & Metzger 2013; Metzger & Fernández 2014; Just et al. 2015; Fernández et al. 2017; Siegel & Metzger 2017; Foucart et al. 2018; Ruiz et al. 2018; Siegel & Metzger 2018; Christie et al. 2019; Fernández et al. 2019; Foucart et al. 2019) . The accretion disk and dynamical ejecta are dominated by radioactive isotopes synthesized via rapid capture of free neutrons, i.e., the r-process. These r-process isotopes radioactively decay, and their decay products undergo thermalization to power a transient kilonova observable at ultraviolet (UV), optical, and infrared (IR) wavelengths (Eichler et al. 1989; Li & Paczyński 1998; Freiburghaus et al. 1999; Metzger et al. 2010; Kasen et al. 2013 ; Barnes & Kasen 2013; Tanaka & Hotokezaka 2013; Tanaka et al. 2014; Just et al. 2015 ; Barnes et al. 2016; Kawaguchi et al. 2016; Tanaka et al. 2018 Tanaka et al. , 2019 . Tidal disruption outside of the ISCO is most likely in NS-BH systems with small binary mass ratios q = MBH MNS (e.g. M BH 8 M , Shibata & Taniguchi 2008; Lovelace et al. 2013; Foucart et al. 2014 Foucart et al. , 2018 Foucart et al. , 2019 and/or highly-spinning black holes (e.g. χ BH 0.7, Etienne et al. 2009; Lovelace et al. 2013; Foucart et al. 2014; Kawaguchi et al. 2015; Foucart et al. 2018) . Although the exact masses and spins of the merging compact objects in GW190814 have not yet been announced by the LVC, the detection of a kilonova counterpart in follow-up observations would confirm that the lighter object in this merger was indeed a NS. In addition, kilonovae remain an elusive class of transients in need of further study. The UV/optical/IR emission associated with the landmark NS-NS merger GW170817 represents the only unambiguous discovery of a kilonova to date (Abbott et al. 2017a) . In that merger, the combination of excellent LIGO/Virgo GW localization (90% region area of 31 deg 2 , Abbott et al. 2017a) , the Fermi-GBM/INTEGRAL detection of the short gamma-ray burst GRB170817A ∼1.7 s before the GWs (Abbott et al. 2017b) , and world-wide follow-up efforts led to the rapid localization of the EM counterpart to the galaxy NGC4993 at a distance of ∼40 Mpc, producing an unprecedented quantity of photometric and spectroscopic data. The GW170817 kilonova broadly matched theoretical predictions, revealing early emission ( 1 day) that peaked in the UV/optical, followed by rapid reddening over the subsequent several days towards the IR Arcavi et al. 2017; Coulter et al. 2017; Díaz et al. 2017; Drout et al. 2017; Evans et al. 2017; Hu et al. 2017; Kasliwal et al. 2017; Lipunov et al. 2017; Pian et al. 2017; Pozanenko et al. 2018; Shappee et al. 2017; Smartt et al. 2017; Tanvir et al. 2017; Troja et al. 2017; Utsumi et al. 2017; Valenti et al. 2017 ). However, the first ∼10 hours of the GW170817 kilonova could not be observed by ground-based facilities. Furthermore, many questions on the late-time thermalization in the ejecta, the abundance patterns and importance of different radioactive isotopes in powering the kilonova, and the evolution of the opacity of the ejecta remain unanswered (e.g. Kasen & Barnes 2019; Khatami & Kasen 2019; Tanaka et al. 2019 ). Discoveries of new kilonovae are necessary to probe these questions, and the detection of a kilonova associated with a NS-BH merger in particular would be another landmark event.
Here, we report results from a deep optical imaging search for a kilonova counterpart to GW190814 performed using the MegaCam instrument on the Canada-France-Hawaii Telescope (CFHT). Following the LIGO/Virgo detection of GW190814, we triggered our target-of-opportunity program (PI: Ruan) on the CFHT's MegaCam instrument to search for a kilonovalike EM counterpart in the GW localization region using wide-field optical imaging. Many other searches for possible counterparts to GW190814 were also conducted, including targeted imaging of individual galaxies in the localization region using telescopes with small fields of view (Gomez et al. 2019; Ackley et al. 2020 ) and tiled imaging of the full localization region using telescopes with large fields of view (optical/IR in Andreoni et al. 2020; Ackley et al. 2020; Watson et al. 2020; radio in Dobie et al. 2019) . We took advantage of the wide ∼ 1 deg 2 field of view of MegaCam, which enabled us to tile the full 50% localization region, and to target individual galaxies in the larger 90% localization region based on a prioritization scheme. Our observations reach a depth of g > 22.8 (AB mag) at 1.7 days post-merger and depths of i > 23.0 and i > 23.9 at 3.7 and 8.7 days post-merger, respectively. With these depths and our multi-band coverage of a large fraction of the localization region, these observations are among the most constraining.
The outline of this paper is as follows: In Section 2, we describe our observations as well as our image differencing, transient detection, and transient vetting techniques. In Section 3, we compare our kilonova search results to other searches reported to date. In Section 4, we use the results of our search and a simple model to constrain the presumed kilonova and the parameters of the merger ejecta. We summarize and conclude in Section 5. Throughout this work, we assume a standard flat ΛCDM cosmology with Ω m = 0.309, Ω Λ = 0.691, and H 0 = 67.7 km s −1 Mpc −1 (Planck Collaboration et al. 2016 ).
CFHT FOLLOW-UP IMAGING OF GW190814

Details of the Observations
The CFHT is a 3.5m aperture telescope, and Mega-Cam is a ∼ 1 deg 2 field of view camera with a pixel scale of 0.185" per pixel. We used MegaCam to obtain g-, i-, and z-band imaging in the localization region of GW190814. Due to the small LIGO/Virgo localization region of GW190814, we used a hybrid strategy of tiling the 50% localization region, and galaxy-targeted observations in the 50% < p < 90% localization region. In the 50% localization region (area of 4.8 deg 2 ), we used the large 1 deg 2 field of view of MegaCam to tile the region using 6 fields. However, tiling the larger 90% localization region (area of 23.1 deg 2 ) was not feasible because the requisite observations were longer than the ∼4 hours per night during which this region of the sky was at sufficiently low airmass. Thus, we targeted individual galaxies in the 50% < p < 90% localization region to search for a counterpart using a galaxy prioritization scheme. In the 50% < p < 90% localization region, galaxies were selected from the Galaxy List for the Advanced Detector Era (GLADE, Dálya et al. 2018 ) 1 and prioritized based on their B-band luminosities (a tracer for the stellar mass of the galaxy), photometric redshifts, and positions in the localization region.
To determine the photometric depths and exposure times required for our search, we scaled the peak apparent magnitude of the GW170817 kilonova (i ∼ 17.5 at ∼ 1 day post-merger; see Section 1 for full list of citations) to the mean distance d L = 267 Mpc of GW190814, yielding a scaled peak of i ∼ 21.5 (absolute magnitude M i ∼ −15.6). Numerical relativity simulations of NS-BH mergers find similar peak magnitudes such as M i ∼ −15.0 (i ∼ 22.1) at ∼ 3 days (Kawaguchi et al. 2016 ) and M i ∼ −15.6 (i ∼ 21.5) at ∼ 2 days (Tanaka et al. 2018) . A depth of i ∼ 22 was therefore taken to be sufficient, and exposure times were computed to enable MegaCam to reach this depth. We obtained 5 × 300 s exposures and 5 × 200 s exposures for images in the 50% and 50% < p < 90% regions, respectively. We used standard dithering patterns to enable cosmic-ray rejection and to fill chip gaps in the MegaCam CCD array. The positions of all exposures in each filter are shown in Figure 1 , overlaid on the LALInference LIGO/Virgo localization region 2 . The median seeing across all images was ∼ 0.80". Our observations began at 1.7 days post-merger in the gband and continued from 3.7 days to 8.7 days in the i-band. This strategy was based on observations of the GW170817 kilonova, which peaked first in the UV on timescales of 1 day before becoming redder and peaking in the optical/IR over the next ∼ 10 days. We also acquired z-band images at 6.6 and 7.6 days while following a particular source of interest which was later disqualified as a candidate counterpart to GW190814. Finally, we also acquired i-band images at 20.5 days to supplement archival reference images from other surveys for use in our image differencing (Section 2.3). Details of each of these observations 3 , including the areal coverage fraction for each epoch and the total integrated probability, are listed in Table 1 .
The 5σ depths for each epoch of observation are presented in Figure 2 imaging was obtained in the earliest observations following the merger, followed by the i and z bands. The inner cyan contours denote the 50% localization region (area of 4.8 deg 2 ) and the outer darker blue contours denote the 90% localization region (area of 23.1 deg 2 ). z-band images span a single field where we imaged a particular source of interest for 2 nights before ruling it out as a counterpart to the GW event. We neglect a secondary low-probability lobe of the region South-East of the primary lobe shown here. The gaps in our 50% region pointings are due to an error during planning of observations. region of each MegaCam CCD image to determine the minimum flux required for a source to be detected at 5σ significance. The depths shown for each epoch are the median depths achieved over the course of the observations and across the observed field. These depths vary on the order of ∼ 0.1 − 0.2 mag across the observed field for a given epoch. We also show the depths achieved by DECam (Andreoni et al. 2020) , for comparison. Finally, we show model light curves for the EM counterpart to GW170817, constructed using the best-fit parameters of the 3-component symmetric kilonova model of MOSFiT 4 (Guillochon et al. 2018 ) presented in Villar et al. (2017 and re-scaled to the mean distance d L = 267 Mpc of GW190814. This model is discussed further in Section 4. The K-corrections to the g-and i-band light curves of GW170817 at this distance, for the colours given in Villar et al. (2017) , are of the order images were affected by the brightness of the moon, which waned in the following days. All of the limits shown stem from observations acquired with > 90% areal coverage of the 50% region (see Table 1 ). For comparison, we show the depths achieved by DECam in the i-band (Andreoni et al. 2020) . We also show model light curves of the EM counterpart to GW170817, constructed using the best-fit 3-component symmetric kilonova model of MOSFiT presented in Villar et al. (2017) and re-scaled to the mean distance d L = 267 Mpc of GW190814. The upper limits imposed by MegaCam are among the strictest achieved limits for GW190814. A GW170817-like source at the distance of GW190814 would have been marginally detected by MegaCam.
|K| < 0.05 near peak magnitude and are neglected. The upper limits obtained by MegaCam are among the most constraining for this merger, and indicate that we would have marginally detected a GW170817-like kilonova at the distance of GW190814.
Data Reduction
The MegaCam images were reduced using the CFHT's Elixir 5 pipeline, which includes bias, dark, flat-field, and fringe-frame corrections 6 . For each exposure, we perform astrometric calibration using astrometry.net (Lang et al. 2010 ) based on the Gaia DR2 catalog (Gaia Collaboration et al. 2018; Lindegren et al. 2018) . We then coadd the 5 exposures for each field on each night 5 cfht.hawaii.edu/Instruments/Elixir/ 6 These processed images are publicly available at the Canadian Astronomy Data Centre (CADC) at tinyurl.com/CADC-GW190814
and perform photometric calibration based on the Pan-STARRS1 3π survey (PS1, Chambers et al. 2016 ).
Image Differencing and Transient Search
To search for possible kilonovae in our multi-band MegaCam images, we perform image differencing. For reference images in the g-and z-bands, we use archival images from PS1 and the Dark Energy Camera (DE-Cam) Legacy Survey (DECaLS, Dey et al. 2019) , respectively. PS1 is selected for the g-band because it is sufficiently deep to be used as a reference given the depth we achieve with MegaCam. Likewise, the depths achieved by DECaLS in the z-band are also sufficient for this purpose. PS1 and DECaLS images were obtained approximately 3 and 2 years before GW190814, respectively.
Because our i-band images are deeper than those of PS1 and the DECaLS archive does not include the i-band, we use additional deep MegaCam observations obtained at ∼20.5 days as reference images. For GW170817, the i-band emission faded by >4 mags at 7 days post-merger (Siebert et al. 2017) , and similar fading is expected in the case of a NS-BH kilonova (e.g. Kawaguchi et al. 2016; Fernández et al. 2017; Tanaka et al. 2018) . We therefore expect any kilonova emission in the i-band to have faded significantly at 20.5 days, thus enabling detection of earlier kilonova transients. For a small number of i-band images which all lie in the 50% < p < 90% localization region (<20% of all i-band data), we did not acquire MegaCam reference images, and use PS1 instead.
To enable image differencing between the science and reference images, we perform image alignment, background subtraction, and saturated/bad pixel masking. We extract sources from the images using image segmentation via the photutils 7 package (Bradley et al. 2019) . We then match point sources in the science and reference images to compute the affine transformation which aligns the science image with the reference image using the astroalign 8 package (Beroiz et al. 2019) . Sources are re-extracted in the aligned images and masked to compute a smoothly-varying median background which is then subtracted from each image. Finally, we flag saturated sources and/or bad pixels which should be masked in subsequent image differencing. We perform the described background subtraction and saturated/bad pixel masking for both science and reference images.
We use the High Order Transform of Point-Spread Function (PSF) And Template Subtraction 9 software (Becker 2015) to perform our image differencing. We adopt a set of 3 Gaussian × polynomial functions as the basis for our convolution kernel. The Gaussian terms have FWHM approximately equal to half of the median seeing (∼ 0.4"), the seeing (∼ 0.8"), and twice the size of the seeing (∼ 1.6"), respectively. Each science and reference image is divided into 10 × 10 subregions, and convolution kernel is fit to centroids present in both the science and reference image in each of these 100 subregions. This produces a convolution kernel which varies across the image, accounting for small variations in the PSF, which is then used to match the PSF of the science and reference images. Finally, the reference image is subtracted from the science image, and the final difference image is normalized to the photometric system of the science image. We assume no additional spatial variations in the background (which has already been subtracted) or convolution kernel across the image.
We again use photutils to search for sources in our difference images. The detection significance for each source is set using the standard deviation of the good pixels in the difference image, which is uniform across each image. We only accept sources detected at 5σ significance. For each 5σ source, we obtain its outermost isophote. Sources are rejected as being likely spurious if they fall into any of the following categories:
1. Sources with isophotal pixel area <20 pix 2 . A circular source with area 20 pix 2 would have a radius of 0.5", below the typical seeing (∼ 0.7 − 0.9") in the images.
2. Sources that display a 'dipole' pattern in the difference image. We cross-match all positive and negative >5σ sources in each difference image, and select pairs of positive and negative sources lying within 2.0" of each other. We then reject matched pairs for which the flux ratio of the brighter source over the dimmer source is <5 (i.e., both parts of the dipole are similar in brightness 
Vetting of Candidate Counterparts
The vast majority of the 21,383 candidate transient counterparts that pass the initial rejection criteria are spurious. This issue is common to all transient-detection pipelines, and additional vetting using 'real-bogus' algorithms (a form of binary classification) based on machine-learning techniques are a common solution. We use the Bogus-Real Adversarial Artificial Intelligence (braai) 10 software package, which enables training and use of the VGG6 convolutional neural network via the high-level TensorFlow software (Duev et al. 2019) . This neural network accepts as input the triplets of candidate counterparts and outputs a Real-Bogus (RB) score from 0 (definite bogus) to 1 (definite real) for each.
To train a neural network for application to CFHT MegaCam data, we built a training set of 1,582 randomly-selected sources from our MegaCamsubtracted i-band images and 402 randomly-selected sources from our PS1-subtracted g-band images. These represent ≈10% of our dataset altogether. Five team members then independently visually inspected each triplet and assigned them a label of 0 or 1. We then averaged the results across all five inspectors and rounded down to 0 or up to 1. Example triplets for a real and bogus source are shown in Figure 3 .
From our visual inspection, only 116/1582 = 7.3% sources in the i-band and 25/402 = 6.2% sources in the g-band were identified as potentially 'real' by eye. A low fraction of real sources at this stage is expected, but presents a challenge for training the neural network to classify new sources. We thus supplemented our training set by selecting additional sources from our 21,383 candidate transient counterparts which correspond to known transient sources. Specifically, we cross-matched all 21,383 candidate counterparts, spanning all epochs and bands, with sources from the Transient Name Server (TNS) 11 . By selecting matches with good subtractions in our images, we added an additional 68 triplets to our training set (39 in the i-band with MegaCam templates, 29 in the g-and i-bands with PS1 templates), representing 26 distinct sources. Finally, we augmented the number of real sources in our training set by rotating the cutout science, reference, and difference image of only the real triplets in increments of 90 o , effectively quadrupling the number of real sources in the dataset.
As a result, the final dataset used to train the neural network has an approximate 836/1843 = 31%/69% real/bogus ratio. To mitigate the remaining class imbalance, a reduced weight equal to the ratio of real/bogus triplets is applied to the bogus triplets during training. We use a training/validation/test set split of 81%/9%/10% to train our model.
Although we use a relatively small and imbalanced dataset for training, we obtain an accurate and useful model that is sufficiently sensitive to detect the real sources in our test set. For a score RB 0.5 denoting a 'real' source, the model we use yields a false positive rate (FPR) of 4.6% and false negative rate (FNR) of 4.3% when applied to the test set, yielding a mean misclassification error of 4.5%. The model does not yet discard all spurious signals, but does effectively reduce the total number of candidate transients which require further analysis by an order of magnitude. The ability of the model to classify will improve with future followup campaigns and the addition of MegaCam data from other sources. Additional details on the performance of this MegaCam-tailored braai neural network are presented in Appendix A.
A histogram of the RB scores assigned to all 21,383 candidates is shown in Figure 4 . We are left with 1,462 candidates with RB 0.5 in MegaCam-subtracted iband images, 259 in PS1-subtracted g-band images, 249 in PS1-subtracted i-band images, and 64 in DECaLSsubtracted z-band images, for a total of 2,034 candidates of interest. This translates to a 90.5% decrease in the number of candidates which require further analysis.
Inspection of Remaining Candidates
To further restrict the sample of the remaining 2034 candidates to potentially real counterparts, each one is cross-matched with:
1. Known transients from the Transient Name Server (TNS).
2. Stellar (non-extended) objects in the PS1 3π survey (Chambers et al. 2016 We find 1 variable star from the AAVSO, and 61 quasars (representing 46 distinct objects). The final sample of 1,972 then only contains new transient sources and/or image artifacts. We visually inspect the remaining sources to remove false positives, and cross-match those which pass visual inspection against themselves to determine how many sources are multi-epoch/multiband detections of the same intrinsic object. We are left with a total of 115 distinct candidates. We perform aperture photometry at the coordinates of these candidates in the difference images for all available epochs and bands to produce light curves for each source.
Examining the light curves for these sources in conjunction with the triplets at each epoch, we find a single transient source of interest that had not previously been reported on TNS. The source is located at RA = 13.54700, Dec = −24.93824. For all other non-reported sources, light curves and triplets suggests that they are either variable stars or image differencing artifacts. We assign this new transient the name CFHT0054-2456zau. The light curve and a corresponding triplet of this source are shown in Figure 5 .
In our observations, CFHT0054-2456zau is detected at i = 20.83 ± 0.13 at 3.7 days post-merger. It then fades in the i-band by 0.71±0.15 mag over 5 days (∆i = 0.14±0.03 mag/day) to a magnitude of i = 21.54±0.08. The source is not detected to a 5σ limit of g > 23.3 at 1.7 days post-merger. This indicates the possibility of a very red transient, although the lack of simultaneous observations in multiple bands preclude definitive statements about transient color, rise time, or explosion epoch.
CFHT0054-2456zau is offset by 1.38" (1.79 kpc at the median GW190814 distance of d L = 267 Mpc) from a potential host galaxy WISEA J005411.20-245617.9, which is clearly visible and extended in the CFHT science and reference images. The putative host has an i-band magnitude of i = 18.8 ± 0.1 (corresponding to M i = −19.1 or ∼ 0.5L * at d L = 267 Mpc). Following the methodology of Bloom et al. (2002) and Berger (2010) , we find a probability of chance alignment between CFHT0054-2456zau and WISEA J005411.20-245617.9 of only 0.2%, indicating very likely association.
The presence of a host, relatively rapid fading, and potential red colour of CFHT0054-2456zau are intriguing. However, the observed brightness of i = 20.83 ± 0.13 at 3.7 days corresponds to an absolute magnitude M i = −16.30 ± 0.13 at the median GW190814 distance of d L = 267 Mpc. This is ∼ 2.6 mag brighter than GW170817 was at a similar epoch, and significantly brighter than expected for most kilonova models. In addition, the observed decline rate is marginally consistent with other classes of transients (e.g. Type Ic supernovae (SNe), Siebert et al. 2017) .
We thus conclude that we do not detect any highconfidence EM counterpart to GW190814 in our images. Since we detect no kilonova-like source, we therefore Reliable photometry for CFHT0054-2456zau at 4.7 days was not obtainable due to host contamination and poorer seeing, and the source did not lie in the observation footprint at 6.6 days. (b) The reference image shown here is from MegaCam, and the triplet was acquired at 8.7 days. The pink crosshair denotes the location of the difference image peak. Examining the triplets in conjunction with the light curves provides a complete picture of the behaviour of a source. In particular, for distant sources such as GW190814 that may reside in an uncatalogued host galaxy, visually examining the triplets is necessary to determine whether or not a host is present. In this case, the source is offset by 1.38" (1.79 kpc at the distance d L = 267 Mpc of GW190814) from the potential host galaxy WISEA J005411.20-245617.9, which is clearly visible in both the science and reference images.
quantify and evaluate our coverage of the GW localization region in comparison with other searches, and employ a simple kilonova model to constrain the parameters of any possible merger ejecta using the upper limits derived from our deep CFHT observations.
COMPARISON TO OTHER SEARCHES
Many other teams performed follow-up observations of GW190814 and reported dozens of possible counterparts, using a wide variety of telescopes and at many wavelengths. Candidates were reported via Gamma-ray Coordination Network Circulars (GCNs) 12 . Figure 6 shows all transients in the main lobe of the localization region which were reported to the TNS from the time of the merger to 3 weeks post-merger. For many sources, the observed photometric evolution was too slow to correspond to the predicted kilonova. Other sources were disqualified due to spectral classification which showed that they were most likely SNe. In Figure 7 , we show example MegaCam light curves for four sources which appeared promising in the days following the merger but were later disqualified: AT2019nbp (slow photometric evolution ∆m < 0.1 mag/day, Andreoni et al. 2020 Wide-field imaging across multiple wavelengths allowed for coverage of the entire localization region, and many teams were able to acquire these images within 1 day post-merger 13 . However, to date, no compelling EM counterpart has been found for GW190814. Some candidates in Figure 6 were never conclusively disqualified or even classified, likely because they were far too bright to correspond to the kilonova signatures predicted by various models (e.g. Kawaguchi et al. 2016; Fernández et al. 2017; Tanaka et al. 2018) . As discussed in Section 2.1, a depth of i ∼ 22.0 was likely required to observe a kilonova at the location of GW170817. A detailed analysis of GW190814 in particular (Kawaguchi et al. 2020 ) similarly suggests that observations deeper than i, z ∼ 22.0 within 2 days post-merger were required to detect a kilonova counterpart to the event. (TNS) in the 3 weeks immediately following the merger. The sources deemed most promising were followed and classified. The most common reasons for transients being disqualified as candidate counterparts to the GW were spectroscopic classification as a supernova or photometric classification as a source evolving too slowly (e.g. ∆m < 0.1 mag/day) to correspond to the predicted kilonova. Other common reasons for disqualification were detection in archival pre-merger images, displaying a high proper motion consistent with being a Solar System object, or association with a host galaxy at redshift z outside the LVC 2σ confidence region. Sources classified as 'Other' either displayed a featureless spectrum, were associated with the bright foreground galaxy NGC253, were consistent with being a nuclear source in some galaxy, or displayed no host at all. Sources labelled 'Unclassified+MegaCam' lie in the MegaCam observation footprint, while those labelled 'Unclassified' do not. All classifications were taken from Ackley et al. (2020) , Andreoni et al. (2020) , or directly from Gamma-ray Coordination Network Circulars (GCNs). See Ackley et al. (2020) in particular for a detailed summary of the classifications of TNS sources. We also show the location of the new CFHT source (CFHT0054-2456zau) highlighted in Section 2.5.
depths achieved by surveys such as the Zwicky Transient Facility (ZTF; r, i ∼ 20.0 at 2 days; Singer et al. 2019) were therefore insufficient for this purpose. Furthermore, while facilities such as Pan-STARRS played an essential role in disqualifying several candidates and guiding follow-up of compelling candidates, the depth reached by Pan-STARRS (z ∼ 21.9 at 1.5 days; Ackley et al. 2020) was also insufficient to search for kilonovae.
The observing campaigns carried out with DECam and the CFHT MegaCam program described here have the deepest coverage yet reported. This underscores the need for large-aperture telescopes with wide-field im-agers in following up mergers as distant as GW190814. We consider the following 5σ CFHT MegaCam limiting magnitudes (shown in Figure 2 ) in the remainder of our analysis:
• g > 22.8, 1.7 days • i > 23.0, 3.7 days • i > 22.8, 4.7 days • i > 23.9, 8.7 days
The mean areal coverage of the 50% localization region during these observations is 93.1% and mean areal coverage of the 50% < p < 90% localization region is 34.3%. AT2019nbp was associated with a potential host galaxy within the 2σ localization volume of GW190814, but was later disqualified because its photometric evolution was inconsistent with the expected kilonova (∆m < 0.1 mag/day, Andreoni et al. 2020) . It was also detected in pre-merger images (Ackley et al. 2020 ). AT2019noq and AT2019nxe were classified in follow-up spectroscopy as Type II and Ia SNe, respectively (Andreoni et al. 2020) . The host of AT2019ntm displayed a potential Hα line (obtained by the William Herschel Telescope on 2019-09-09) which corresponded to z = 0.116, outside the LVC 2σ confidence region of GW190814 (Ackley et al. 2020) . Error bars on the g-band photometry for AT2019nxe are on the order of the point size.
The total integrated probability coverage ranges from 65.5% to 70.5% for these observations. We demonstrate the value of our MegaCam observations in constraining the parameters of the presumed NS-BH merger kilonova in the following section.
CONSTRAINTS ON A POSSIBLE KILONOVA
Whether or not a kilonova is produced during a NS-BH merger is highly sensitive to the parameters of the initial binary. To produce a kilonova, the NS must be tidally disrupted outside of the BH's innermost stable circular orbit (ISCO). This outcome is most likely in systems involving small binary mass ratios q = MBH MNS (e.g. M BH 8 M , Shibata & Taniguchi 2008; Lovelace et al. 2013; Foucart et al. 2014 Foucart et al. , 2018 Foucart et al. , 2019 and/or highly-spinning black holes (e.g. χ BH 0.7, Etienne et al. 2009; Lovelace et al. 2013; Foucart et al. 2014; Kawaguchi et al. 2015) . Furthermore, the mass, radius, and equation of state of the progenitor NS can also impact the mass of the dynamical ejecta and the remnant BH's accretion disk produced by this tidal disruption (Shibata & Taniguchi 2008; Kawaguchi et al. 2015) . In particular, a sufficiently compact NS could avoid this disruption completely until it is beyond the BH's ISCO and thus produce no EM signature. Finally, the orientation of magnetic fields around the merger remnant can also impact mass outflows (e.g. Barnes et al. 2016; Christie et al. 2019) .
Assuming that a kilonova does occur, the spectral and temporal behaviour are sensitive to the mass M ej , velocity v ej , and opacity κ ej of the ejecta. Below, we use a simple kilonova model, which is largely precursor agnostic (NS-NS or NS-BH), to constrain M ej , v ej , and κ ej using the MegaCam limits shown in Figure 2 and listed in Section 3.
Kilonova Model
We use a simple 1D kilonova model based on that described in Metzger (2019) . This model assumes a centrally-concentrated energy source and homologous expansion of a surrounding single-zone ejecta powered by the radioactive decay of heavy r-process elements. We use a radioactive heating rate fitting formula (Korobkin et al. 2012) :
where C = 4 × 10 18 cm 2 s −3 , t 0 = 1.3 s, and σ = 0.11 s are constants, and t is the time post-merger in seconds. No other energy sources are considered. Equation (1) is most accurate for ejecta composed largely of lanthanides and/or actinides, i.e., the heaviest r-process elements (Metzger 2019 ). This assumption is not necessarily valid for NS-NS mergers, in which a short-or long-lived merger remnant such as a hyper-massive NS can produce a large neutrino flux, raise the electron fraction Y e of the surrounding ejecta, lower the number of free neutrons, and inhibit production of these elements via the channel ν e + n → p + e − (Lippuner et al. 2017 ). Crudely, Y e 0.25 corresponds to lanthanide-rich ejecta and will produce a 'red' kilonova including a significant heating contribution from the decay of these lanthanides, whereas Y e 0.25 corresponds to lanthanidepoor ejecta and will produce a 'blue' kilonova powered by the decay of r-process elements lighter than the lanthanides (e.g. Metzger 2019, their Figure 6 ). In the case of a NS-BH merger, the remnant must be a BH (e.g. Metzger 2019, their Figure 18 ), so we may in general expect a lower neutrino flux, a smaller Y e , and a redder kilonova with some contribution from lanthanides. We also define a time-dependent thermalization efficiency, as in Barnes et al. (2016) :
where t days is the time in days, and a, b, d are fitting parameters of order unity which depend on M ej and v ej . These parameters are tabulated in Table 1 of Barnes et al. (2016) . We linearly interpolate their parameters to obtain fitting parameters at other masses and velocities. With the radioactive heating rate defined in Equation (1) and thermalization efficiency defined in Equation (2), we then describe the total bolometric luminos-ity as in Chatzopoulos et al. (2012) :
(3) where t d = 2κ ej M ej /βv ej c is a diffusion timescale of the system, κ ej is the grey (frequency-independent) opacity, and β = 13.8 is a parameter based on the geometry of the system. We assume that the expanding material is well-described by a blackbody. This material rapidly cools and the radius of the photosphere expands until it reaches a critical temperature floor T c ≈ 2500 K near the recombination temperature of lanthanides, at which point the temperature becomes fixed and the photosphere begins to recede towards the central engine (Barnes & Kasen 2013) . The temperature and radius of the photosphere are completely determined by L bol at a given point in time:
where σ sb is the Stefan-Boltzmann constant, allowing us to construct the evolving thermal spectral energy distribution (SED) of the kilonova and produce g-and iband magnitude predictions for comparison to the limits achieved by MegaCam.
MegaCam Constraints on Kilonova Parameters
We explore the allowed ejecta masses and velocities for fixed grey opacities of κ ej = 0.5 cm 2 g −1 and κ ej = 5 cm 2 g −1 in Figure 8 . Colored regions show the parts of parameter space which are ruled out. A region is ruled out if the g-and/or i-band light curve predicted by our model is inconsistent with the limits imposed by MegaCam (Figure 2 and Section 3). For each (M ej , v ej ), we consider distances of 215 Mpc, 267 Mpc, and 319 Mpc to the source, representing the uncertainty in the luminosity distance d L = 267 ± 52 Mpc of GW190814. In all cases, assuming a smaller distance to the source imposes tighter limits on the parameters of the ejecta, and on M ej in particular. For a blue kilonova with κ ej = 0.5 cm 2 g −1 , the constraints depend strongly on both the ejecta mass and velocity. If we select a fiducial ejecta velocity v ej = 0.2c (typical velocity of tidal tails and/or disk outflows, e.g. Fernández et al. 2017; Christie et al. 2019; Metzger 2019) , we are able to impose the constraint that M ej 0.015M . For a progenitor NS of mass 1.4M , this corresponds to 1% Colored regions denote parameters which are ruled out using the model outlined in Section 4.1. In general, assuming a smaller distance to GW190814 places more strict limits on the parameters of the ejecta. In the left panel, a constant opacity κ ej = 0.5 cm 2 g −1 is assumed. The best-fit parameters and associated uncertainties for the blue component of a 2-component kilonova model for GW170817 (Villar et al. 2017 ) are presented as well (yellow star). In the right panel, a constant opacity κ ej = 5 cm 2 g −1 is assumed, and the best-fit parameters for the red component of the same 2-component kilonova model for GW170817 (Villar et al. 2017 ) are shown (yellow star). Uncertainties on the parameters of this red component are on the order of point size. Note that the right panel explores a different range of M ej from the left panel, since larger M ej are conclusively ruled out from the left panel.
of the mass being ejected. For a more lanthanide-rich, red kilonova (κ ej = 5 cm 2 g −1 ), there is less structure in the constrained velocities in parameter space. We are therefore unable to place any meaningful constraints on the velocity of the ejecta for a red kilonova. Nonetheless, we are able to impose the constraint that M ej 0.04M for such a red kilonova for arbitrary ejecta velocity. This translates to 3% mass ejection for a progenitor NS of mass 1.4M . Figure 8 also shows the best-fit parameters for the 2-component symmetric kilonova model of GW170817 presented in Villar et al. (2017) . The 'blue' (κ blue ej = 0.5 cm 2 g −1 ; fixed) component of this model, with M blue ej = 0.023 0.005 0.001 M and v blue ej = 0.256 0.005 0.002 c, is compared to our κ ej = 0.5 cm 2 g −1 constraints. The 'red' (κ red ej = 3.65 0.09 0.28 cm 2 g −1 ; fit parameter) component of this model, with M red ej = 0.050 0.001 0.001 M and v red ej = 0.149 0.001 0.002 c, is compared to our κ ej = 5 cm 2 g −1 constraints. Our MegaCam observations rule out a merger ejecta with mass and velocity similar to either the red or blue component of a GW170817-like kilonova out to 267 Mpc.
We also explore the (M ej , κ ej ) parameter space for a fixed v ej = 0.2c in Figure 9 . Masses are most constrained for ejecta with low opacities. For a lanthaniderich merger ejecta with opacity κ ej = 5 − 10 cm 2 g −1 , our constraint M ej 0.04M is essentially the same as that presented in Figure 8 . We include the best-fit parameters M ej = 0.078 0.002 0.002 M , κ ej = 3.35 0.28 0.18 cm 2 g −1 of GW170817 given by the 3-component symmetric kilonova model of Villar et al. (2017) . This model includes a 'blue' (κ blue ej = 0.5 cm 2 g −1 ; M blue ej = 0.020 0.001 0.001 M , v blue ej = 0.266 0.008 0.008 c), 'purple' (κ purple ej = 3 cm 2 g −1 ; M purple ej = 0.047 0.001 0.002 M , v purple ej = 0.152 0.005 0.005 c), and 'red' (κ red ej = 10 cm 2 g −1 ; M red ej = 0.011 0.002 0.001 M , v red ej = 0.137 0.025 0.021 c) component. κ ej = 3.35 0.28 0.18 cm 2 g −1 is the mass-weighted mean of the opacity of each component. We thus rule out a GW170817-like ejecta mass and opacity out to 319 Mpc. This is not surprising, as differing opacities are expected given the different progenitor binary systems for GW170817 and GW190814.
Since our constraints for a red kilonova are more conservative than for a blue one, and since we may in general expect a redder kilonova from a NS-BH merger, we focus on these constraints. In all, for a kilonova with opacity κ ej = 5 − 10 cm 2 g −1 at the mean distance of GW190814, we impose an upper limit on the ejecta mass M ej 0.04M and we rule out a GW170817-like ejecta mass and velocity. The total integrated probability of our coverage of the localization region for the MegaCam limit which allows us to make this constraint is 70.5%, and so we impose this constraint at 70.5% confidence. This constraint is in agreement with those of other teams , although we note that Andreoni et al. (2020) propose a less lanthanide-rich ejecta with opacity κ ej < 2 cm 2 g −1 for their limit.
For the case of a low-opacity blue kilonova (κ ej = 0.5 cm 2 g −1 ), the MegaCam limit g > 22.8 at 1.7 days is the most constraining and is necessary to rule out the smallest (M ej 0.02M ) masses in parameter space for small ejecta velocities. For a more lanthanide-rich red kilonova (κ ej = 5 − 10 cm 2 g −1 ), the most constraining MegaCam limit is i > 23.0 at 3.7 days. Limits from other epochs do not provide any additional constraints at these large opacities. This is in agreement with the observations of Andreoni et al. (2020) , who similarly find their DECam limit z > 22.3 at 3.4 days to be the most constraining. Kawaguchi et al. (2020) also find this limit to be the most constraining among the DECam limits in their analysis. These observations can inform observing strategies in future follow-up campaigns of NS-BH and NS-NS mergers with UV/optical/near-IR instruments. To enable detection of these events, future campaigns should focus on maximizing the depth achieved by their images, and especially on early ( 1 day) imaging in the UV/optical (e.g. u-, g-band) followed immediately by a transition to the i-and/or z-bands. Obtaining these deep early images may be more effective for identifying a counterpart than extended observing campaigns in these bands.
CONCLUSIONS
We describe a series of deep, wide-field, multi-band CFHT MegaCam observations of the localization region of the LIGO/Virgo GW signal GW190814/S190814bv, which represents the first robust detection of a possible NS-BH merger. We employ a hybrid observing strategy of wide-field tiling of the 50% GW localization region, and galaxy-targeted observations in the 50% < p < 90% localization region, from 1.7 days to 8.7 days post-merger, in search of an EM counterpart to GW190814. We use image differencing and a convolutional neural network to detect and classify candidate transients for further assessment as potential counterparts to the GW merger. We find no convincing EM counterparts to GW190814 in our images. This suggests that either (1) the NS in the binary was not tidally disrupted outside of the BH's ISCO prior to the merger, (2) the transient lies outside of the observed sky footprint, or (3) the lighter object is a low-mass BH. We therefore apply our measured 5σ depth of g > 22.8 (AB mag) at 1.7 days post-merger and depths of i > 23.0 and i > 23.9 at 3.7 and 8.7 days post-merger, respectively, to constrain the parameters of the presumed kilonova which accompanied the merger. The total integrated probability of these MegaCam observations ranges from 65.5% to 70.5%. Using a simple 1D single-component, singlezone kilonova model and the MegaCam limit i > 23.0 at 3.7 days, we are able to constrain the ejecta mass to M ej 0.04M ( 3% mass ejection for a progenitor NS of mass 1.4M ) for a lanthanide-rich merger ejecta with κ ej = 5 − 10 cm 2 g −1 at the mean LIGO/Virgo luminosity distance of 267 Mpc to GW190814 at 70.5% confidence. We also set the limit M ej 0.015M ( 1% mass ejection for a progenitor NS of mass 1.4M ) for a lanthanide-poor merger ejecta with κ ej = 0.5 cm 2 g −1 , using the MegaCam limit g > 22.8 at 1.7 days, at 65.5% confidence.
The limits imposed by our observing campaign are among the most strict optical/near-IR limits for this source. Should the LVC confirm that the mass of the lighter object is within the realm of possibility for a NS, these limits will be valuable in further constraining the system. Regardless of the eventually reported masses, our observations reiterate the importance of maximizing depth in high-cadence UV/optical/IR imaging of these events. The current detection horizons for NS-NS and NS-BH mergers in O3 for Advanced LIGO are 110-130 Mpc and 190-240 Mpc, respectively, and are expected to extend to 160-190 Mpc and 300-330 Mpc for Advanced LIGO in the fourth LIGO/Virgo observing run, O4 . Follow-up with 3 m and larger aperture telescopes with wide-field imaging instruments will be crucial to detecting EM counterparts to these mergers. Observatories such as the CFHT and instruments like MegaCam can play an important role in the first detection of an EM counterpart to a NS-BH merger and our transient detection pipeline described here can aid in realizing this goal.
APPENDIX
A. REAL-BOGUS TRAINING RESULTS
Here, we present the results of training the braai neural network on the dataset described in Section 2.4. Figure 10 shows the evolution of the model's classification accuracy for the training set and validation set at each epoch (iteration) of training. For imbalanced datasets, the accuracy alone is not a reliable indicator of the usefulness of a model. Considering the example of a dataset which is 95% bogus, 5% real, a classifier that flags all sources as bogus would have 95% accuracy, but would not be useful for detecting transient sources. We therefore also compute the confusion matrices ( Figure 11 ) and receiver operating characteristic (ROC) curve ( Figure 12) resulting from applying the trained model to the 268 sources in the test set. The confusion matrices succinctly present the true positive rate, false positive rate, true negative rate, and false negative rate (TPR, FPR, TNR, FNR). The ROC curve shows the sensitivity (i.e. TPR) of the model as a function of contamination (i.e. FPR). Both confusion matrices and the ROC curve are computed for a Real-Bogus score of RB 0.5 denoting a real source. Finally, Figure 13 shows the FPR and FNR of the model as a function of the RB score threshold that is adopted to distinguish real from bogus sources. the section of the curve with the most structure. RB 0.5 denotes a real source. The area under the ROC curve (AUC) is a measure of how informative the model is. The dotted line (AUC = 0.5) denotes a completely random classifier. For AUC ≈ 0.99, given a randomly-selected true real source and a randomly-selected true bogus source, the classifier has a 99% probability to favour the true real as being real over the true bogus. score threshold. These rates were computed using the 268 sources in the test set. For an RB score threshold of RB 0.5, FPR = 4.6% and FNR = 4.3%. The mean misclassification error is therefore 4.5% at this threshold. Table 2 . Photometry for TNS sources of interest. g1.7 denotes the g-band magnitude at 1.7 days, and so forth. All detections were made at 5σ significance. The corresponding light curves for the sources are shown in Figure 7 (Section 3). AT2019nbp was disqualified as a counterpart to GW190814 due to slow photometric evolution (∆m < 0.1 mag/day, Andreoni et al. 2020 ) and a pre-merger detection (Ackley et al. 2020) . AT2019noq and AT2019nxe have spectral classifications as Type II and Ia SNe, respectively (Andreoni et al. 2020) . The host of AT2019ntm displayed a potential Hα line which corresponded to z = 0.116, outside the LVC 2σ confidence region of GW190814 (Ackley et al. 2020 ).
B. PHOTOMETRY FOR SELECTED TNS SOURCES
